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(57) ABSTRACT 

Certain example embodiments relate to an improved method 
of strengthening glass Substrates (e.g., Soda lime silica glass 
Substrates). In certain examples, a glass Substrate may be 
chemically strengthened by creating an electric field within 
the glass. In certain cases, the chemical tempering may be 
performed by Surrounding the Substrate by a plasma includ 
ing certain ions, such as Li", K", Mg", and/or the like. In 
Some cases, these ions may be forced into the glass Substrate 
due to the half-cycles of the electric field generated by the 
electrodes that formed the plasma. This may advantageously 
chemically strengthen a glass Substrate on a Substantially 
reduced time scale. In other example embodiments, an elec 
tric field may be set in a float bath such that sodium ions are 
driven from the molten glass ribbon into the tin bath, which 
may advantageously result in a stronger glass Substrate with 
reduced sodium content. 
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METHOD OF STRENGTHENING GLASS BY 
PLASMA INDUCED ION EXCHANGES, AND 
ARTICLES MADE ACCORDING TO THE 

SAME 

0001 Certain example embodiments relate to an 
improved method of strengthening glass Substrates (e.g., Soda 
lime silica glass Substrates). In certain examples, a glass 
Substrate may be chemically strengthened by creating an 
electric field within the glass. In certain cases, the chemical 
tempering may be performed by Surrounding the Substrate by 
a plasma including certainions, such as Li", K", Mg", and/or 
the like, with Such ions being forced into the glass Substrate as 
a function of the half-cycles of the electric field generated by 
the electrodes that formed the plasma. In certain example 
embodiments, an electric field may be set in a float bath such 
that sodium ions are driven from the molten glass ribbon into 
the tin bath, which may advantageously result in a stronger 
glass Substrate with reduced sodium content. 

BACKGROUND AND SUMMARY OF CERTAIN 
EXAMPLE EMBODIMENTS 

0002 Soda lime silica glass has many desirable properties 
in a wide range of conditions including, for example, good 
transparency and clarity, high durability, etc. However, in 
Some cases, the degree of mechanical strength of Soda lime 
silica glass may depend upon the presence of (i) flaws in the 
glass originating at fabrication; and/or (ii) Surface flaws that 
develop as the surface of the glass corrodes over time, which 
may cause a so-called “blistering at the glass Surface. These 
Surface flaws sometimes may become more significant as the 
Surface area to Volume ratio of a piece of glass increases (e.g., 
for thinner articles of glass). While sodium dioxide (NaO) 
may be used to help reduce the melting point of glass during 
its manufacture in certain circumstances, the presence of Na 
ions in a glass article (and particularly toward the Surface/near 
Surface area of the glass article) may have a negative impact 
on the chemical and/or mechanical durability of the article in 
SOC CaSCS. 

0003 For example, in certain cases, Na' ions may cause 
Sodalime silica glass to deteriorate in quality. This may occur 
in a two-stage process in Some cases. The first stage may bean 
ion-exchange process between H" and/or HO" ions from 
moisture that penetrates the surface of the soda lime silica 
glass and an alkali metalion (e.g., Na') that is removed from 
the glass. At this stage, the silica network may remain 
unchanged, but an alkaline film of or including NaOH and 
H2O may form at the glass surface. In some examples, the 
film may become increasingly alkaline, as more moisture 
penetrates the Surface of the glass and reacts with the sodium 
ions near the Surface of the glass. In certain cases, if and/or 
when the pH reaches approximately 9 or higher (e.g., as the 
film becomes increasingly basic), the second stage may 
occur. The second stage may include decomposition of the 
silica network, which may lead to the formation of nano 
cracks that may, in turn, potentially weaken the glass Sub 
Strate. 

0004 Furthermore, glass strength may sometimes be con 
trolled by the size of the “worst’ or most severe defect (e.g., 
cracks and/or nano-cracks), which may vary from Sample to 
sample. In certain cases, the Surface nano-cracks and/or other 
flaws in Soda lime silica glass (e.g., created by the reaction 
between Nations and moisture and/or those present because 
of other factors) may act as “stress concentrators. In some 
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cases, less stress may be needed for the crack to become 
bigger, spread, and/or break the glass Substrate because these 
nano-cracks are present in the first place. Additionally, 
because these cracks may form near the Surface of the glass 
(e.g., because of the reaction of sodium ions and moisture to 
form an alkaline "coating near the Surface of the glass), the 
Surface of the glass may be particularly prone to damage from 
lower amounts of stress than normal (e.g., more prone than a 
crack-free portion of Soda lime silica glass). 
0005. In some general cases, the larger the crack, the lower 
the stress required for the crack to propagate. The potentially 
large number of flaws may cause the glass to fracture more 
easily than it normally would. In some cases, unstrengthened 
glass may fracture at stresses that are 5, 10, or even 100 times 
lower than the theoretical strength of the glass, e.g., because 
of the presence of crackS/nano-cracks. This may make it 
difficult to accurately predict the amount of stress a glass 
substrate may be subjected to before the glass will crack, 
fracture, and/or break. This variability in the strength of glass 
Substrates having similar compositions and thicknesses may 
lead to increased accidental breakage and/or increased pro 
duction costs, e.g., related to having to produce a glass Sub 
strate of higher strength than necessary to be “safe.” Indeed, 
there may be about 25% variability in the stresses that could 
cause glass Substrates of similar compositions and thick 
nesses to crack, fracture, and/or break. 
0006. In other words, the amount of stress required to 
cause different glass Substrates of similar composition and 
thickness to crack, fracture, and/or break may vary. The 
amount of stress that causes one substrate to fracture may not 
fracture a second Substrate of similar composition and thick 
ness. In some cases, it may be necessary to increase the 
thickness of glass because of the possible combination of low 
overall strength and high strength variability, if glass is to be 
used at all. Thus, in some cases, the use of Soda lime silica 
glass as an engineering material may be limited by issues 
arising from these flaws, such as its brittle fracture behavior, 
strength variations, and/or its low effective strength under 
normal use conditions. 

0007 As the application of thin glass becomes more wide 
spread (e.g., in the electronics market), factors such as 
mechanical hardness, resistance to marring and Scratching, as 
well as thermal stability, become potentially more important 
considerations. 

0008 Thus, it will be appreciated that there is a need for 
improving the Surface and/or near-Surface properties of glass 
so that it may be sufficiently durable while maintaining and/or 
improving its other desirable properties (e.g., electronic 
grade, transparency, etc.). 
0009. There currently are several methods that may be 
employed to strengthen Soda lime silica glass, namely, ther 
mal (e.g., mechanical) heat treatment (e.g., heat strengthen 
ing and/or thermal tempering) and chemical tempering. Heat 
treating, for example, typically involves heating a glass Sub 
strate, and cooling the hot surface more rapidly than the 
interior. This creates compressive stress near the Surface, 
which is balanced and/or offset by tensile stress toward the 
interior. Chemical tempering, on the other hand, involves an 
ion-exchange process. In certain chemical tempering imple 
mentations, larger ions are substituted for Smaller ions at the 
Surface of the glass. This process is sometimes referred to as 
“ion stuffing. Both techniques may induce a compressive 
stress in the Surface of the glass Substrate in some instances. 
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0010. A stress profile shows the relative amount and type 
of stress present in the substrate at various points. FIGS. 
1(a)-(b) are illustrative stress profiles for each of the two 
techniques described above. More particularly, FIG. 1(a) 
illustrates a cross-section of a glass Substrate, showing the 
residual stress profile caused by thermally strengthened glass. 
0011. As discussed above, heat treating (e.g., heat 
strengthening and/or thermal tempering) for glass involves 
strengthening the glass by altering the stress of the glass. In 
Some cases, thermal tempering methods will build up and/or 
increase a residual compressive stress state at the Surface of a 
glass Substrate, and up to a certain depth below the Surface. 
This residual compressive stress state is equilibrated and/or 
balanced by a tensile stress state in at least Some of the 
internal portions of the glass. FIG. 1(a) illustrates the com 
pressive stress at the Surface and/or near-Surface portion(s) 
100(a) of substrate 1(a), and the tensile stress toward the 
interior portion 101(a) of substrate 1(a). As can be seen from 
FIG. 1(a), the stress of interior portions of a glass substrate 
that has been mechanically strengthened (e.g., heat treated) 
may be tensile, in certain cases. 
0012 FIG. 1(b), on the other hand, illustrates the cross 
section of a glass Substrate that has been chemically tem 
pered. In FIG. 1(b), while substrate 1(b) has compressive 
stress in areas 100(b) at/near its surface, the compressive 
stress does not penetrate as deeply into the Surface, and the 
tensile stress in the interior portion 101(b) of the glass sub 
strate 1(b) is lower than glass substrate 1(a) that was ther 
mally tempered. When a glass substrate is chemically tem 
pered, the composition of the Surface and/or near-Surface 
regions of the Substrate is changed. Nations may be removed 
in certain cases, and thus the silica network of the glass 
Substrate generally will not be as Susceptible to damage 
related to reactions between Nations and external moisture. 
0013. A disadvantage of thermal tempering is that in some 
cases it may not be used effectively for thin glass (e.g., glass 
that is approximately or less than 1.5 mm in thickness) 
because it may cause Surface wrinkling and/or warping. Fur 
ther, thermal tempering may sometimes lose efficacy as the 
glass gets thinner. In other examples, thermal tempering may 
not achieve the same level of “temper as in chemical tem 
pering. However, chemical tempering may take a very long to 
Sufficiently strengthen a glass Substrate (e.g., hours as 
opposed to minutes). 
0014 Thus, although thermal and chemical tempering 
may be advantageous in certain instances, those skilled in the 
art will appreciate that there is a need for faster ways to better 
strengthen a glass Substrate (e.g., for thick and thin Sub 
strates). 
0015. In certain example embodiments, a method for 
increasing the strength of a glass Substrate is provided. A 
plasma is struck using at least one plasma Source and first and 
second electrodes disposed on opposing major Surfaces of a 
glass Substrate, wherein the plasma comprises replacement 
ions. The replacementions are driven into the opposing major 
Surfaces of the glass Substrate so as to increase the strength of 
the glass Substrate. 
0016. In certain example embodiments, a method ofusing 
plasma to strengthen a glass Substrate comprising sodium 
ions is provided. A plasma is struck using at least one plasma 
Source and first and second electrodes disposed on opposing 
major Surfaces of a glass Substrate, with the plasma comprises 
positive ions. An electric field is used to drive the positive ions 
into the at least one major Surface of the glass Substrate so as 
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to replace at least some of the Sodium ions and increase the 
strength of the glass Substrate. 
0017. In certain example embodiments, a chemically 
strengthened glass article comprising Soda lime silica glass is 
provided. The article comprises at least one of potassium, 
lithium and magnesium plasma-implanted replacement ions 
in a Surface region of the glass article. The Surface region 
extends from a major Surface of the glass article to a depth of 
at least about 5 microns, more preferably at least about 7 
microns, and sometimes at least about 50 microns. At least 
Some of the replacementions have replaced sodium ions such 
that the glass article has fewer Sodium ions than a glass article 
that has not been chemically strengthened. The glass article 
has a strength of at least about 200 MPa, and more preferably 
at least about 400 MPa. 

0018. In certain example embodiments, a method for 
increasing the strength of a glass Substrate is provided. At 
least one plasma torch comprising at least first and second 
electrodes is disposed on at least a first major Surface of a 
glass Substrate. A plasma comprising replacement ions is 
sprayed through a nozzle of the plasma torch via an applied 
electric field between the two electrodes such that the plasma 
is sprayed proximate the first major Surface of the glass Sub 
strate. The replacement ions are driven into the at least one 
major Surface of the glass Substrate so as to increase the 
strength of the glass Substrate. 
0019. In certain example embodiments, a method for 
strengthening a Soda lime silica glass Substrate is provided. 
First and second plasma torches or arc jets are disposed on 
opposing major Surfaces of a glass Substrate. A plasma com 
prising replacementions is sprayed onto the opposing major 
Surfaces of the glass Substrate via each plasma torch or arc jet. 
The replacement ions are driven into the first and second 
major surfaces of the glass substrate by virtue of electric fields 
between the first and second electrodes of each plasma torch 
or arc jet, so as to increase the strength of the glass Substrate. 
0020. In certain example embodiments, a method of mak 
ing a glass Substrate is provided. Opposing major Surfaces of 
a soda lime silica glass Substrate are exposed to plasmas 
containing ions, the Soda lime silica glass Substrate at least 
initially including 10-20 wt.% NaO. Electrodes associated 
with the plasma are selectively activated to drive the ions, 
directly or indirectly, into Surface regions of the glass Sub 
strate and force Sodium ions out from the Surface regions to 
reduce NaO content of the glass substrate to less than 10 wt. 
%. 

0021. In certain example embodiments, a method of mak 
ing a glass Substrate is provided. A plasma is struck in a tin 
bath section of a float line at least over a molten glass ribbon, 
with the plasma acting as a positive electrode and the tin bath 
acting as a negative electrode. Sodium ions are driven out of 
the molten glass ribbon and into the tin bath via an electric 
field created by the positive and negative electrodes and at 
least partially present in the molten glass ribbon. The glass 
substrate is allowed to be formed, with the glass substrate 
having less than 20 wt.% NaO. 
0022. In certain example embodiments, a method of mak 
ing a glass Substrate is provided. A molten glass ribbon is 
provided in a tin bath portion of a float line via at least one 
plasma. Sodium ions are driven out of the molten glass ribbon 
and into the tin bath so as to reduce the Sodium ion-content of 
the molten glass ribbon. The glass ribbon is maintained at one 
or more temperatures high enough Such that the glass ribbon 
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remains in a molten state, even as the composition of the glass 
ribbon changes, in making the glass Substrate. 
0023. In certain example embodiments, a strengthened 
glass Substrate comprises a silicate matrix, wherein the matrix 
comprises at least Some argon atoms and wherein the glass 
Substrate is substantially depleted of Sodium ions and has a 
strength of at least about 600 MPa, and more preferably at 
least about 1000 MPa. 
0024. In certain example embodiments, a method of mak 
ing a glass Substrate is provided. Alumina is driven into mol 
ten glass, and Sodium is forced out of the molten glass, via at 
least one plasma including alumina. The molten glass is 
pulled in making the glass Substrate. 
0025. In certain example embodiments, a strengthened 
glass substrate comprises less than 10 wt.% Na-O and at least 
one type of ion selected from the group consisting of potas 
sium, lithium and magnesium ions. At least Some of the ions 
have replaced sodium ions originally present in a glass ribbon 
leading up to the glass Substrate. The glass article has a 
strength of at least about 400 MPa. 
0026. These and other embodiments, features, aspect, and 
advantages may be combined in any Suitable combination or 
sub-combination to produce yet further embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0027. These and other features and advantages may be 
better and more completely understood by reference to the 
following detailed description of exemplary illustrative 
embodiments in conjunction with the drawings, of which: 
0028 FIGS. 1(a)-(b) show example stress profiles for 
mechanically (e.g., heat) strengthened and chemically tem 
pered glass Substrates, respectively; 
0029 FIGS. 2(a)-(b) help demonstrate certain chemical 
tempering principles: 
0030 FIG.3 helps demonstrate how a glass substrate can 
be chemically strengthened by using plasma as an electrode 
and a replacement ion source in accordance with certain 
example embodiments; 
0031 FIG. 4 illustrates an enlarged cross-section of a 
chemically strengthened glass Substrate according to certain 
example embodiments; 
0032 FIG.5 helps demonstrate how one or more plasmas 
may be used to Supply replacement ions when chemically 
strengthening a glass Substrate in accordance with certain 
example embodiments; 
0033 FIG. 6 illustrates an enlarged cross-section of a 
chemically strengthened glass Substrate, including anion gra 
dient, according to certain example embodiments; 
0034 FIG. 7 helps demonstrate how a glass substrate can 
be chemically strengthened using a plasma along a float line 
in accordance with certain example embodiments; 
0035 FIG. 8 is a graph of example electrode voltage ver 
sus time, which may be used in accordance with certain 
example embodiments; and 
0036 FIG. 9 illustrates a graph of voltage over time and 
the corresponding effects on the sheath Surrounding the glass 
Substrate, according to certain example embodiments. 

DETAILED DESCRIPTION OF CERTAIN 
EXAMPLE EMBODIMENTS 

0037. As explained above, it may be desirable in certain 
instances to make thin glass Substrates of improved durabil 
ity, e.g., that are "electronic grade. In addition, it may be 
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desirable in certain cases to make improved glass starting 
from an imperfect stock of Soda lime silica glass. Indeed, it 
Sometimes may be more cost-effective to treat Sodalime silica 
glass in a manner that renders it more durable and/or strong, 
rather than to manufacture an inherently stronger glass Such 
as borosilicate glass and/or the like. In order to help overcome 
the comparatively lower strength of soda lime silica glass, and 
make it thinner, stronger, and/or electronic grade, it may be 
desirable to alter certain properties of the surface and/or near 
Surface region(s) of a glass Substrate. Thus, for example, 
Sodium ions that may disadvantageously react with moisture 
to degrade a glass Substrate may be reduced and/or replaced in 
certain example embodiments. 
0038 FIGS. 2(a) and 20h) help demonstrate certain 
chemical tempering principles. As explained above, the gen 
eral concept of chemical tempering involves removing and/or 
replacing some of the Sodium ions in the glass Substrate 
(particularly those in the Surface and/or near-Surface region) 
with other replacement ions. The replacement ions may be 
larger than and/or less reactive than the Sodium ions. In some 
cases, the replacement ions may include potassium, lithium, 
and/or magnesium. In certain example embodiments of this 
invention, replacement ions may comprise these ions and/or 
other divalent ions, multivalent ions, alkali metals, silver, 
and/or other appropriate materials. In certain cases, the 
replacement of sodium ions may also change the stress profile 
near the Surface of the glass Substrate. 
0039 FIGS. 2(a) and 20b) also help illustrate the ion 
exchange between the surface and/or near-surface area of the 
glass substrate and the ions in the molten salt bath. FIG. 2(a), 
for instance, shows sodium ions 11 in a portion of glass 
substrate 1. Replacement ions 10 (potassium ions 19 may be 
used as replacementions 10, in certain cases). Potassium (for 
example) ions 19 are shown outside of the glass substrate, at 
least initially. Potassium ions 19 are in the molten salt bath, as 
is substrate 1 (though only a portion of the salt bath and a 
portion of the substrate are illustrated). FIG. 2(b) illustrates 
how sodium ions 11 in glass Substrate 1 are replaced with 
potassium ions 19. The arrows in FIG.2(b) show a sodium ion 
11 leaving the Surface/near-surface region of Substrate 1, and 
indicate that sodium vacancies 15, where sodium ions 11 
once were, may be replaced by potassium ions 19. In some 
cases, ions 19 may be an ion/compound besides potassium 
(e.g., another salt). FIGS. 2(a) and 20b) are simply illustrative 
of how Smaller (or in other example embodiments, perhaps 
more reactive rather than smaller) ions 11 are replaced with 
ions 19 in substrate 1, when the substrate is in a molten salt 
bath. 

0040. The ion exchange process (e.g., as illustrated in FIG. 
2(b), for example) may be diffusion-limited in certain 
instances. The ion exchange process performed in a molten 
salt bath also typically is a slow process. Accordingly, it may 
take a longtime for a sufficient exchange of ions to take place. 
0041. The ion exchange process generally involves a 
mutual ion diffusion mechanism So as to meet the principle of 
charge neutrality (e.g., the Sum of positive charges generally 
must equal the Sum of negative charges), since no electron 
current is involved in some cases. In other words, if the Na" 
ions in the Substrate are replaced by ions in the molten salt 
bath through diffusion forces only, the process may take many 
hours. The replacement of a substantial amount of Nations 
via a molten salt bath, with no additional forces at work aside 
from diffusion, may take an extremely long time. 
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0042. An equation that may be used to express the depth to 
which the replacementions may permeate the glass Substrate 
(L.) may be expressed as a function of the diffusivity of a 
material (e.g., diffusion coefficient D), which is the degree to 
which a material allows passage of a gas or fluid, and the 
temperature of the glass Substrate T, as well as the time t in 
which the substrate is immersed in the bath. 

10043. For instance, LeVD.(T)*t=50 um for a 400 MPa 
temper state (e.g., where the strength of the chemically tem 
pered glass is such that compressive stress on the Surface of 
the glass is approximately 400 MPa). However, in other 
examples, a 400 MPa strength may be reached with depths of 
about 7 microns. 
0044) The lower limit of time (t) is typically temperature 
(T) dependent. In other words, the time it takes to sufficiently 
strengthen the glass Substrate via anion exchange in a molten 
salt bath may decrease as the temperature increases. How 
ever, extremely high temperatures may be necessary even to 
achieve the aforesaid temper strength in four hours. Although 
four hours is a long time, at less extreme temperatures, in 
Some instances, it may take up to 16 (or even more) hours for 
a Sufficient strength to be reached. For instance, in some 
Cases, t–L/Ds.4 hours. This may be limited by Fick's 
laws which, for example, relate to the direction of diffusive 
flux with respect to concentration, and how diffusion causes 
the concentration to change with time. 
0045. By chemically tempering a glass substrate in a mol 
ten salt bath, a glass Substrate may reach a strength of about 
400 MPa. However, as can be seen from the above, it may take 
approximately four hours for replacement ions to reach an 
implanted depth of 50 microns at high temperatures, and up to 
16 hours or longer at lower (e.g., more “reasonable') tem 
peratures. Although the ions may be implanted to shallower 
depths (e.g., about 7 microns), using a molten salt glass to 
achieve a strength of around 400 MPa may still take hours. If 
the desired strength is greater than 400 MPa, and/or the 
desired depth of implantation is 100 microns or greater, the 
process of strengthening glass via a molten salt bath may take 
16 hours or more. Accordingly, in certain scenarios, the 
length of the time that it takes to chemically strengthen a sheet 
of glass using ions in a molten salt bath may not be ideal 
and/or feasible for larger-scale production. 
0046. As alluded to above, certain strengthening tech 
niques may involve anion-exchange process that operates via 
a physical mechanism; e.g. the thermal diffusion of ions. 
However, in some cases, an electric field may be Superim 
posed, e.g., on the glass Substrate. In certain example cases, 
the presence of an electric field in the salt bath and/or glass 
Substrate may produce an index change by altering the glass 
density, stress, and/or mean polarizability. 
0047. In certain instances, the application of an electric 
field may increase the velocity and/or speed of the replace 
ment ions in the salt bath, and may decrease the time neces 
sary for Sufficient replacement (and thus strengthening). This 
is believed to be a result of the application of a field-effect 
assistedion exchange that may provide an additional force for 
the transport of ions from a molten salt. Thus, ions that oth 
erwise may be difficult to exchange by random, thermal 
motion (e.g., divalent ions and/or other larger, heavier ions) 
may thus be used to replace Sodium in glass, in cases where an 
electric field is used. 
0048 More specifically, ions used in a molten salt bath to 
replace Sodium ions in a glass Substrate may move only 
because of the diffusion current (e.g., manifested via thermal 
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and/or density gradients) that results from the random Brown 
ian motion of charge carriers independent of electrical stimu 
lus. On the other hand, if an electric field is applied, the ions 
may move because of the drift current. Drift current is the 
electric current, or movement of charge carriers, that is 
caused by the applied electric field, often stated as the elec 
tromotive force over a given distance. 
0049. Thus, providing replacementions and producing an 
electric field to assist the speed at which the replacementions 
penetrate the glass Surface and replace the Sodium ions is 
desirable and advantageous in certain example instances. 
However, it sometimes may be difficult to generate an electric 
field of a sufficient magnitude to Substantially speed up the 
replacement process, particularly because electrodes togen 
erate an electric field in and/or near the glass Substrate may 
need to be placed in the salt bath and may need to directly 
contact the Surface of the glass Substrate. In order for Such 
contact to be successful and/or possible, the glass Substrate 
may need to be in the solid, rather than molten, state. On the 
other hand, the glass may need to be maintained in its molten 
state so as to permit a more efficient exchange rate of sodium 
ions and replacementions. Thus, the use of an electric field of 
a Sufficient magnitude may not be possible when the glass 
Substrate is in a molten state; and similarly, the speed/velocity 
of the replacement ions (and thus the overall chemical tem 
pering process) may require that the glass is in a molten state. 
Accordingly, these two scenarios for Small increases in 
chemical tempering speed may be mutually exclusive. 
0050. In some cases, using a glass in the molten state 
permits ions to be exchanged efficiently, e.g., because of their 
high mobility when the glass is in that state (e.g., as explained 
by the Einstein relation). Two example cases of the relation 
a. 

(diffusion of charged particles), and 

(as in the “Einstein-Stokes equation' for diffusion of spheri 
cal particles through liquid with low Reynolds number), 
where: 

0051. D is the diffusion constant, 
0.052 q is the electrical charge of a particle, 
I0053 u is the electrical mobility of the charged par 

ticle, or the ratio of the particle's terminal drift velocity 
to an applied electric field, 

0.054 k is Boltzmann's constant, 
0.055 T is the absolute temperature, 
0056 m is viscosity, and 
0057 r is the radius of the spherical particle. 

D Fakht Bt So it = --. 
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Thus, as can be seen from the above diffusion-related equa 
tions, as the viscosity of a material decreases (e.g., as the 
material becomes less viscous), the electrical mobility of a 
charged particle will increase. Accordingly, when the glass is 
in a molten state, the viscosity will be lower, so the charge 
mobility will be higher. Thus, when a glass substrate is in the 
molten state, the ion-exchange process may be faster. An 
electric field, however, may further increase the rate of ion 
exchange. Unfortunately, as alluded to above, in order to 
maintain an electric field within and/or near the glass Sub 
strate, electrodes may need to be physically placed on the 
glass Substrate in certain situations. In order for this to be 
possible, the glass may need to be in a solid state. 
0058. Using an electric field (e.g., in the order of 100 
V/cm) with a glass Substrate in a molten salt bath may permit 
ions to reach a speed of from about 1 to 4 m/s in some 
instances. In some cases, ions at this speed may penetrate 
about 10 microns into the glass substrate. However, in certain 
cases, it may be desirable for ions to penetrate farther than 10 
microns into the glass Substrate. Moreover, it may not always 
be convenient and/or feasible to maintain a glass Substrate in 
a molten state. 
0059 For example, in certain example ion exchange pro 
cesses, the glass may be in a solid state (e.g., T<T, where T 
is the temperature at which the glass becomes molten), and is 
immersed in a salt bath. To achieve approximately a 100 
micrometerion exchange depth may take as long as 5, 10, or 
16 hours, or even longer (depending on the temperature). 
0060. In certain instances, to set up an electric field on the 
order of about 100 V/cm (e.g., 10,000 V/m), physical elec 
trodes may be placed in the melt (moltenbath) while the glass 
is in a Solid State. Again, in certain instances, placing physical 
electrodes in a molten salt bath while the glass is in a solid 
state may present an obstacle to applying a drift current (e.g., 
the electric current, or movement of charge carriers, which is 
related to the applied electric field, often stated as the elec 
tromotive force over a given distance) to expedite ion 
exchange. In other words, to sufficiently apply an electric 
field, the glass may be in a Solid state. Conversely, the ions 
will move faster when the glass is in a molten state, because 
the charge mobility is inversely proportional to viscosity, in 
certain cases. Furthermore, in some cases, DC electric field 
assisted ion exchange may only provide exchange to one 
Surface of the glass. 
0061. It therefore will be appreciated by those skilled in 
the art that there exists a need for a more efficient method of 
chemically tempering a glass Substrate. It may be desirable to 
find a method to more efficiently replace sodium ions with 
replacement ions utilizing an electric field, and/or when the 
glass is in a solid state. Furthermore, it would be advanta 
geous to reduce the time scale necessary for performance of 
chemical strengthening. 
0062. It has advantageously been found that the tech 
niques disclosed herein may permit the ionic make up of the 
Surface and/or near-Surface region (e.g., a thin, epitaxial 
layer) of a glass Substrate to be tuned and/or modulated sig 
nificantly faster than previous methods of mechanical and/or 
chemical tempering. In certain exemplary embodiments, the 
composition of the Surface and/or near-Surface region of a 
Soda lime silica glass Substrate may be tuned and/or modu 
lated on a time scale that is at least one order of magnitude 
lower than other methods. In certain example embodiments, a 
glass Substrate may be strengthened in a matter of minutes 
rather than hours (or even days). 
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0063. In the molten saltion exchange described above, the 
molten salt Supplies the replacementions for the sodium ions 
in the glass. However, certain example embodiments relate to 
methods and/or techniques of creating a high and Substan 
tially uniform electric field in and/or at the surface of a glass 
Substrate in different “state scenarios” (e.g., Solid, molten, 
etc.). As described above, in Some cases, creating a high 
electric field may require metal electrodes to physically be 
placed in a molten salt bath. These techniques may be limited 
in terms of large areas of glass, and may also be limited by the 
state of the glass. 
0064. By contrast, in certain example embodiments, it has 
advantageously been found that plasma may be used as an 
electrode to set up a time-varying electric field within the 
glass. In certain cases, an electric field (e.g., AC, DC, RF, etc.) 
may be Superimposed to drive faster ion-exchange strength 
ening using different techniques to strengthen the glass more 
quickly. In some cases, the electric field may have a net 
varying modulated basis. In a first example embodiment, 
replacement ions may be introduced to a glass Substrate by 
vaporizing the replacement ions in a plasma that serves the 
purpose of electrodes, by setting up an electric field in and/or 
around the glass Substrate. The glass Substrate to be chemi 
cally tempered can be visualized as being immersed within 
the capacitively coupled or glow discharge or electrostatic 
discharge plasma for example, as shown in FIG. 3. A chemi 
cally strengthened glass Substrate produced in accordance 
with certain example embodiments is shown in FIG.4, which 
is described in further detail below. 

0065. The plasma may serve several purposes according to 
different example embodiments. For example, the plasma 
may heat up the glass, provide a source of replacementions to 
reach the glass Surface, and/or provide electrons to complete 
the displacement current. In certain example embodiments, 
the glass Substrate may not need to be heated. Instead, the 
plasma may operate to increase the temperature of the Sub 
strate, particularly in the Surface and/or near-Surface regions 
of the glass Substrate. In some cases the glass may act as a 
capacitor. The plasma may also act in a manner Such that it 
capacitively couples to the glass. The friction between the 
positive ions and the electrons in the plasma near the glass 
Substrate may cause the glass temperature to rise, in certain 
cases. The plasma may heat the glass Substrate via ohmic 
losses in certain examples. 
0.066 FIG. 3 illustrates glass substrate 1 in chamber 50, 
with upper electrode 30 and lower electrode 32. In certain 
example instances, upper and lower electrodes 30 and 32 may 
operate with radio frequency (RF) and/or alternating current 
(AC) Voltage. The frequency and Voltage of the electrodes 
may be of any suitable type according to other example 
embodiments (such as DC, for example), however. Plasma 
source 60 may provide chamber 50 with a plasma precursor 
62 (e.g. an inert gas; air with an entrailment of vaporized ionic 
species based on salt chemistries of certain monovalent, diva 
lent and/or multivalent species (e.g., Li", K", and/or Mg" 
based compounds; and/or the like). Electrodes 30 and 32 may 
be used to create an electric field which, in turn, will strike a 
plasma from the plasma precursor 62. The pressure of cham 
ber 50 may be at atmospheric pressure, on the order of atmo 
spheric pressure, and/or at Sub-atmospheric pressure in dif 
ferent example embodiments. For example, the pressure may 
be less than or equal to 760 Ton (1 atm), less than or equal to 
380 Ton (0.5 atm), and possibly even about 500 millitorr or 
less in different example implementations. In certain example 
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embodiments, the chamber may be at or near vacuum, 
although other atmospheric pressures are possible as indi 
cated above. 
0067. The atmosphere may further include other elements 
in different example embodiments. For example, the atmo 
sphere may include one or more inert gases, such as argon, 
krypton, neon, and the like. 
0068. In certain example embodiments, the electrodes 
may create an electric field that, in turn, may create a plasma 
64 from the plasma precursor 62. In certain example embodi 
ments, an electric field may be present in the glass Substrate. 
The plasma precursor 62 may include salt species such as Li". 
K", and/or Mg" in certain example embodiments. In certain 
example embodiments, the efficiency of producing a plasma 
may be increased or maximized at or near the Stoltow point, 
at which a substantially uniform, large-volume plasma is 
realized. The Stoltow point is the point at which ionization 
happens with a reduced energy requirement. In certain cases, 
the power approximately varies with the cube of the applied 
Voltage, but the induced (current) flow can Saturate. 
0069. The glass substrate may be located between the 
upper and lower electrodes (and thus, within the plasma), in 
certain examples. To enable an increased flexibility in treat 
ment conditions, the electrodes 30 and 32 may advanta 
geously be designed so as to move independently in X and/or 
y (and possibly even Z) directions so as to permit changes in 
the plasma field as needed during processing. For instance, 
the electrodes 30 and 32 may scan linearly or non-linearly in 
a computer-controlled pattern across the substrate 1 in X 
and/ory directions. Because of the dielectric nature of a glass 
Substrate, the glass Substrate may act as an insulator. The 
presence of the glass Substrate in the plasma may create a 
positively charged sheath at and/or above the upper and below 
the lower surfaces of the glass substrate. 
0070. In certain example embodiments, the ions may be 
deposited as a layer on the glass Surface and/or be driven 
directly or indirectly into the glass by the net field and the 
(possibly alternating) current. In certain example embodi 
ments, in a plasma ion exchange, a thin film of at least tem 
porarily deposited replacementions (Li", K", Mg", etc.) may 
Supply the replacement ions with the aid of an applied net 
electric field sustained by the plasma sheath on one or both 
sides of the glass. In certain cases, this “thin film may be an 
aspect of the plasma, and not a physical film deposited on the 
glass Substrate. In other example embodiments, however, a 
thin film of or including the aforesaid replacement ions may 
beformed on one or both sides of the glass substrate to further 
facilitate the ion exchangefion stuffing process. 
0071. In certain examples, in the thin film technique, 
mixed ions such as KSO, LiSO, MgSO4, and/or the like, 
may form the thin film. In different cases, sulfate salts, halide 
salts, and/or other types of salts may be used to Supply the 
replacement ions. The thin-film ion exchange process may 
start with the production of a thin coating (for example, 100 
150 nm in thickness) of ionic material on one or both sides of 
a glass Substrate, in certain cases. In further examples, the 
glass may have been cleaned and/or polished prior to clean 
ing. In other example embodiments, as indicated above, the 
thin film of replacementions may simply include the positive 
ions from the sheath that forms on each side of the substrate. 
0072. In certain example embodiments, the sodium ions 
may be driven out, and the replacement ions may fill the 
vacancies left by the Sodium ions. In some cases, the replace 
mentions may advantageously be bigger than the Sodium ions 
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(e.g., and induce a compressive stress to strengthen the glass 
Substrate) and/or may be less reactive than the Sodium ions 
such that the replacement ions are less likely to react with 
moisture and the like in the Surface/near-Surface region of the 
glass Substrate as readily as the Sodium ions would. 
0073. The ion exchange may be performed by applying a 
varying electric field, e.g., that is in some cases asymmetric 
enough to produce a net field of from about 20 to several 
hundred (or even higher) V/mm. For example, the net electric 
field may be from about 20 to 500 V/mm (2x10 to 5x10 
V/m), more preferably from about 50 to 300V/mm (5x10 to 
3x10 V/m), and most preferably from about 100 to 200 
V/mm (1x10 to 2x10 V/m). 
0074. In certain example embodiments, the net electric 
field may produce a few microamperes. In some cases, this 
may drive the ions from the thin film and/or the sheath into the 
glass. After the ion exchange, residual ions remaining on the 
glass Surface may be removed, e.g., by washing. In certain 
example embodiments, other ions such as silver may be used 
to modulate the refractive index of the glass substrate. Other 
ions may be used in the plasma in different example embodi 
mentS. 

0075. In certain exemplary embodiments, where alternat 
ing current (AC) is used, the AC may permit neutralization by 
electrons in the plasma. In these examples, the electric field 
may keep the ions moving into the glass which may, in turn, 
help prevent ions from being reduced and/or forming nano 
crystals at the Surface of the glass. In certain examples, the net 
field may prevent agglomeration and haze. In some cases, 
Sodium may also be leached in the plasma by reacting with 
anionic species. 
0076. In further examples, the positive ions in the plasma 
near the glass Substrate’s major Surfaces may be electrically 
driven by the electric field into the surface of the glass sub 
strate during each of the half cycles of the respective elec 
trodes (e.g., AC electrodes). In other words, in certain 
example embodiments, glow discharge (e.g., at atmospheric 
pressure) using a dielectric barrier discharge, may induce 
fluid flow. Further, in Some cases (e.g., when AC is used), 
there may be two processes in the two half-cycles of the 
electrical driving operation. In certain examples, this may be 
related to the difference in mobility between faster electrons 
and slower (positive) ions, and the geometric configurations 
of the actuator insulator and electrodes. 
0077. In certain example embodiments, the first half-cycle 
may be characterized by the deposition of the slower ion 
species (e.g., K", Li", Mg", etc.) on a first major surface of 
the glass Substrate (e.g., with the glass Substrate acting as an 
insulator). The second half-cycle may be characterized by the 
deposition of the electrons at a faster rate. Once the energetic 
(positive) ions to be exchanged fall on the glass Surface, they 
may be driven into the glass surface by the electric field in the 
sheath, with a high drift speed. In certain example embodi 
ments, the drift speed may be in the order of about 10 m/s. The 
drift speed may be at least about 1 m/s, more preferably at 
least about 5 m/s, even more preferably at least about 10 m/s, 
and most preferably at least about 25 m/s, according to dif 
ferent example embodiments. In some cases, a power-law 
dependence on the Voltage for the resulting force may be 
observed in the glass. This may indicate that a larger force can 
be generated by increasing the amplitude in certain examples. 
0078. In other example embodiments, the effectiveness of 
the actuator may be enhanced using several techniques. A first 
way to enhance the effectiveness of the actuator is to increase 
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the peak value of the periodic force generation. A second way 
to enhance the effectiveness is to increase the asymmetry 
between the Voltage half-cycles. In certain instances, one 
and/or both of those techniques may be utilized. The first 
example approach for enhancing the effectiveness of the 
actuator, increasing the peak value of the periodic force gen 
eration, may comprise increasing the size of the lower elec 
trode 32, increasing the applied Voltage, and/or increasing the 
dielectric constant, in certain example embodiments. The 
second example approach for enhancing the effectiveness of 
the actuator, increasing the asymmetry between Voltage half 
cycles, may comprise decreasing the frequency of applied 
Voltage, in other example embodiments. However, the com 
plex interplay between the above factors may determine the 
actuator performance in driving ions at/into the glass Surface 
(s). In certain example embodiments, sodium vacancies may 
be created, and those vacancies may then be filled by replace 
ment ions (e.g., K", Li", Mg", etc.) 
007.9 The following equations describe certain properties 
of the ions being driven into the Surface of the glass Substrate. 
For example, an equation for boundary conditions, e.g., for 
the current continuity at the interface (e.g., between the glass 
Surface and the plasma), may be: 

d(egas Egas) -- 8 d(eglass Eglass) 
cit & (n; V -n V.) T cit 

where 6 represents permittivity (for gas and then glass) and E 
represents electric field (in the gas then in the glass), e is 
Euler's number, e is the electric constant that relates the 
units for electric charge to mechanical quantities such as 
length and force, n, is the density of the ions, n is the density 
of the electrons, V, is the velocity of the ions, and V is the 
velocity of the electrons. 
0080. In certain example embodiments, once the replace 
ment ions (e.g., K", Li", Mg", etc.) reach the glass surface, 
they may be driven into the glass at the consecutive half 
cycles by the drift term in the Grad function in the sheath of 
the plasma. An energy function of electric field E that may 
creates more sodium vacancies that are then filled by the 
positive replacement ions is described below. 

C = v, (V, E) ot of 

I0081 For some Energy Functional E:f->E(f) 
0082 In certain example embodiments, the gradient flow 
may reduce entropy. A generalized formula for nano-porous 
media (e.g., glass with sodium vacancies may be: 

do i = Arp +W, .. (px) 

0083. In certain example embodiments, the ions may be 
driven into the glass substrate to a depth of from about 1 to 
1,000 microns, preferably at least about 5 microns, more 
preferably the ions are implanted to a depth of at least about 
7 to 15 microns, even more preferably from about 30 to 900 
microns, and most preferably from about 50 to 200 microns. 
However, in some cases, the desired strength may be accom 
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plished with ions implanted to a depth of only about 5 to 15 
(e.g., 7) microns. In certain example embodiments, the thick 
ness of the glass substrate may be related to the depth of 
implantation necessary to achieve a particular strength. 
I0084. The depth to which the ions are driven into the glass 
substrate may be achieved on the first “pulse' from a half 
cycle, or may be the result of multiple pulses, e.g., with each 
pulse driving the ion further and further into the glass sub 
strate. In certain example embodiments, the electrodes 30 and 
32 may be alternatively actuated, e.g., so that more and more 
ions are stuffed into the Substrate faster than they can escape. 
In certain example embodiments, the implanted ions may 
have a substantially normal Gaussian, Poisson, or other dis 
tribution. 
I0085 FIG. 4 illustrates an enlarged cross-section of a 
chemically strengthened glass Substrate according to certain 
example embodiments. Replacementions 10 have replaced at 
least Some of the Sodium ions 11 in the Surface and/or near 
Surface regions of chemically strengthened substrate 1'. 
Replacement ions 10 may include potassium, lithium, mag 
nesium, other alkali metal ions, silver, argon, and/or the like. 
At least Some Sodium ions 11 may remain in the interior 
portion 101'. However, in certain example embodiments, they 
are at a great enough distance from the Surface region of the 
glass Substrate so that they present less of a threat to the 
strength and/or durability of the glass Substrate. 
I0086. In certain example embodiments, the chemical 
strengthening according to example embodiments described 
herein may produce an increase in the strength of the glass to 
at least about 200 MPa, more preferably at least about 400 
MPa, and most preferably at least about 600 MPa. In other 
example embodiments, the resulting strength of a glass Sub 
strate that is chemically tempered utilizing plasma may have 
a strength of from about 200 to 800 MPa, more preferably 
from about 400 to 600 MPa, and most preferably a strength of 
at least about 400 MPa, in different example embodiments. 
I0087. This increase in strength may be accomplished in 
from about 30 seconds to 30 minutes, more preferably about 
1 to 20 minutes, and most preferably in about 2 to 10 minutes, 
with an example amount of time being about 5 minutes, but 
possibly even less. However, the glass may be strengthened 
for more or less time according to different example embodi 
mentS. 

I0088. In some cases, salts based on halides may produce 
clouding on a glass Surface. However, halide salts may be 
used in connection with certain example embodiments. For 
instance, divalent and/or multivalent halide Salts may be used 
in the plasma in certain embodiments. In some cases, binary 
and ternary Sulfate salts may advantageously produce clear 
crystallized surface layers of beta quartz solid solution. The 
salts of Sulfates (e.g., KSO, LiSO, etc.), and/or MgSO4, 
nitrates, halogens (halides), and/or other precursors including 
potassium, lithium, and/or magnesium may also be used cer 
tain examples. Other alkali metals may be used in other 
embodiments. The precursor materials and/or replacement 
ions are not so limited and other materials may be used in 
different example embodiments. 
I0089 FIG. 5 helps demonstrate how one or more plasmas 
may be used to Supply replacement ions when chemically 
strengthening a glass Substrate in accordance with certain 
example embodiments. The FIG. 5 example embodiment is 
somewhat similar to the FIG. 4 example embodiment. In FIG. 
5, a plasma torch (e.g., with an arc jet) is used as the plasma 
Source. Plasma torches/sources are shown schematically and 
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designated with reference numerals 60' and 60" in FIG. 5. 
Example plasma torches are described in U.S. Pat. Nos. 
5.998,757 and 6,329,628, which are hereby incorporated by 
reference. However, any plasma torch and/or plasma arc jet 
may be used in connection with different example embodi 
mentS. 

0090. In certain example embodiments, e.g., such as in 
FIG. 5, the chemical strengthening system may include elec 
trodes on one or both sides of the glass. FIG. 5 illustrates first 
rear and front electrodes 300 and 302 on a first major surface 
of the glass substrate. Second rear and front electrodes 304 
and 306 are on the opposing major Surface of the glass Sub 
strate in the FIG. 5 example embodiment. In other example 
embodiments, however, more or fewer electrodes may be 
used on one or both sides of the substrate. FIG. 5 also illus 
trates plasma precursors 62 and 62 and plasmas 64 and 64 
being sprayed proximate the major Surface(s) of the glass 
substrate 1. 
0091. In certain example embodiments, the net electric 
field may be from about 20 to 500 V/mm (2x10 to 5x10 
V/m), more preferably from about 50 to 300V/mm (5x10 to 
3x10 V/m), and most preferably from about 100 to 200 
V/mm (1x10 to 2x10 V/m). In certain examples, the pres 
Sure at which the plasma torch is used may be atmospheric 
pressure, on the order of atmospheric pressure, and/or at 
Sub-atmospheric pressure in different example embodiments. 
The example atmospheres and/or pressure identified above 
also may be used in connection with the FIG. 5 example 
embodiment or embodiments similar to it. 

0092. In certain example embodiments, as the glass sub 
strate moves through the opening between the electrodes, the 
ions from the plasma will be driven into the surface areas of 
each major surface of the glass Substrate. In certain example 
embodiments, plasma torches may be provided on each side 
of the glass article to be chemically tempered (e.g., one and/or 
more than one on each side). In other example embodiments, 
a plasma Source (e.g. plasma torch) may be provided on only 
one side of the glass Substrate. The salts of sulfates, nitrates, 
halogens (halides), and/or other precursors including potas 
sium, lithium, and/or magnesium may be sprayed into the 
injector stage of the plasma torch in certain example embodi 
ments. However, other alkali metals may be used in other 
embodiments. The precursor materials for the plasma and/or 
replacementions used in this embodiment may be the same as 
those used in other embodiments described herein. Further, 
the atmosphere may further contain Argon or other Suitable 
inert gas(ses). 
0093. In certain example embodiments, once vaporized, 
the ions may be accelerated through the nozzle of the plasma 
torch by an applied electric field between the two electrodes. 
The high temperature of the torch may vaporize the material 
and spray it onto the glass in certain example embodiments. 
The high electric field may permit the ions to be driven into 
the glass surface in the order of 100 micrometers in about five 
minutes or less in some cases. 

0094 For instance, the ions may be driven into the glass 
substrate to a depth of from about 1 to 1,000 microns, pref 
erably at least about 5 microns, more preferably the ions are 
implanted to a depth of at least about 7 to 15 microns, even 
more preferably from about 30 to 900 microns, and most 
preferably from about 50 to 200 microns with an example 
depth being about 100 microns below the surface of the glass 
Substrate. However, in some cases, the desired strength may 
be accomplished with ions implanted to a depth of only about 
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5 to 15 (e.g., 7) microns. The depth to which the ions are 
driven into the glass substrate may be achieved on the first 
“pulse' from a half-cycle, or may be the result of multiple 
pulses, e.g., with each pulse driving the ion further and further 
into the glass Substrate. In embodiments where two or more 
plasma torches are included, the plasma torches may be acti 
vated together (e.g., at the same or Substantially the same 
time), in an alternating pattern, or in some other computer 
controlled fashion. 
0095. In certain example embodiments, this plasma torch 
embodiment may or may not involve ion implantation, as the 
amplitude of Voltage involved may or may not be high enough 
to implantions at a depth of at least about 100 microns, which 
in certain example embodiments may be desirable when 
attempting to strengthen the glass. In certain cases (e.g., 
where implanting ions is not feasible or possible), the wave 
form may be used to progressively push the ions into the glass 
on the positive pulse, so that with each pulse, the ions are 
driven a bit further into the glass substrate until they reach an 
acceptable depth (e.g., at least about 100 microns). In some 
cases, corrective actions may be taken on the negative pulse to 
help ensure that the Surface of the glass does not charge up to 
the plasma potential or higher. However, in Some cases, an 
acceptable strength may be achieved with an implantation 
depth of from about 5 to 15 microns. 
0096. In certain example embodiments, the chemical 
strengthening according to example embodiments described 
herein may increase the strength of the resulting glass Sub 
strate to at least about 200 MPa, more preferably at least about 
400 MPa, and most at least about 600 MPa. In other example 
embodiments, the strength of a resulting glass Substrate that is 
chemically tempered utilizing plasma may have a strength of 
from about 200 to 800 MPa, more preferably from about 400 
to 600 MPa, and most preferably a strength of at least about 
400 MPa, in different example embodiments. 
0097. This increase in strength may be accomplished in 
from about 30 seconds to 30 minutes, more preferably about 
1 to 20 minutes, and most preferably in about 2 to 10 minutes, 
with an example timeframe of approximately 5 minutes. 
However, the glass may be strengthened for more or less time 
according to different example embodiments. 
0098. The dynamic fluence or flux may be adjusted by the 
linear speed of the Substrate in some examples. 
0099. In other example embodiments, the plasma torch 
may be used to create a gradient in a Surface region of a glass 
Substrate. In some cases, by altering the type of ion (e.g., by 
altering the type of salt, Sulfate, other precursor, etc.) injected 
into the plasma torch, or by alternating plasma torches with 
different precursors, a Surface region of a glass Substrate at a 
first depth may be treated so as to include a particular type of 
replacement ion, and then may be treated with another torch 
and/or type of precursor so as to include a different type of 
replacement ion at a second lesser depth, and so on. An 
example of a glass Substrate with this type of gradient is 
illustrated in FIG. 6. 
0100 FIG. 6 shows a cross-section of chemically strength 
ened glass Substrate 1" produced in accordance with certain 
example embodiments. In FIG. 6, interior portion 101" of 
substrate 1" still include sodium ions 11. However, surface 
and/or near-surface regions 100" include replacement ions 
10, which may include first replacement ions 3 and second 
replacementions 19. As can be seen from FIG. 6, first replace 
ment ions 3 (which may be Li", K", Mg", and/or the like) 
were first driven into the surface region of substrate 1", and 
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have replaced some sodium ions. Then, after first replacement 
ions were driven into the Surface region, second replacement 
ions 19 were driven into the surface region. Thus, substrate 1" 
has a gradient with respect to replacementions. This gradient 
may contain as many internal 'sub-layers' as desired, accord 
ing to different example embodiments. Moreover, the gradi 
ent may only be created in one major Surface region of the 
glass substrate. Further, the number of internal sub-layers and 
the composition of those sub-layers may vary for the different 
Surfaces of the Substrate in Some embodiments. In certain 
exemplary embodiments, chemically strengthening a glass 
Substrate so as to include a gradient may be particularly 
advantageous for curved substrates. However, a gradient may 
be included in substantially planar substrates, as well. In 
certain example embodiments, the gradient may be such that 
particle size decreases towards the center of the substrate, or 
Vice versa. In other cases, the gradient may vary in other 
ways, e.g., from large to Small to large (etc.), or vice versa. 
0101 Another example embodiment relating to chemi 
cally strengthening glass Substrates involves extracting and/ 
or depleting sodium from a molten soda float line. FIG. 7 
illustrates an example of this approach, in which the glass 
ribbon has been altered so as to extract and/or deplete sodium 
from the Soda lime silica float glass (e.g., a melt) as it passes 
through (e.g., over) the tin bath. In the FIG.7 embodiment, the 
Sodium ions extracted and/or depleted from the glass may not 
be replaced by other ions. Rather, the ions may simply be 
removed in some cases. The sodium may be forced out of the 
float glass/melt, and may be absorbed by the tin in the tin bath. 
This may advantageously produce a silicate glass containing 
less Sodium that conventional Soda lime silica glass. In certain 
example embodiments, the silicate glass formed may be Sub 
stantially free of sodium (e.g., may contain less than 20 wt.% 
NaO, more preferably less than 15 wt.% NaO, still more 
preferably less than 10 wt.% NaO, and possibly 1-5 wt. 
Na2O). In some embodiments, Argon and/or other gases 
present in the atmosphere of the float bath may end up in the 
glass Substrate. However, this may not affect the strength 
and/or other properties of the glass in certain cases; particu 
larly when the gases are inert. 
0102 FIG. 7 shows a tin bath portion of a float line in 
accordance with certain example embodiment. In certain 
example embodiments, a dielectric barrier discharge (DBD) 
plasma may be set up above a molten glass float (e.g., above 
a glass ribbon and/or melt) in the tin bath portion of the float 
line. In some cases, the atmosphere may be of or include an 
inert gas. In certain exemplary examples, an electric field may 
be set up through the float. In cases such as this, the electrodes 
may be the plasma and the tin bath. In certain examples, a high 
electric field (e.g., at least about 1000V/m, more preferably at 
least about 2000V/m, and most preferably at least about 5000 
or even 10,000 V/m) may be set up in the glass ribbon. This 
may drive the Sodium ions into the tin as a secondary electron 
emission from the glass. Positive plasma ions may also be 
incorporated into the ribbon to replace the sodium. In certain 
cases, this may produce a glass that is rich in quartz-like 
material(s). 
(0103 More specifically, FIG. 7 illustrates a tin bath.312 in 
float line 500 that acts as an electrode, and plasma 63 that may 
act as another electrode. In certain example embodiments, the 
tin bath may be a negative electrode, and the plasma may be 
a positive electrode 310 itself or located proximate to a posi 
tive electrode. In some cases, a plasma is struck in the float 
line, above the tin bath. As the molten glass ribbon 1000 
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moves through the tin bath, the tin acts as a negative electrode, 
and the plasma acts as a positive electrode, in certain example 
embodiments. Sodium ions are forced out of the glass ribbon, 
in certain instances. The sodium ions may be absorbed by the 
molten tin in the tin bath. In some instances, the Sodium ions 
may be forced out of the glass ribbon in a substantially uni 
form and/or random manner. In other instances, one side of 
the glass may have a higher concentration of sodium ions than 
the other side. A “sided product” may, for example, be ben 
eficial in certain post-coating applications. 
0104. In further example embodiments, the tin bath 
plasma may be used as away of coating a glass Substrate with 
other layers, as well. For example, in addition to strengthen 
ing, the float glass may be coated with layers so as to enhance 
environmental protection and/or other optical properties. 
0105. In certain example embodiments, the electric field 
may be DC rather than RF and/or AC, as the tin bath may 
remain the negative electrode, and the plasma may remain the 
positive electrode. In other example embodiments, however, 
other configurations may be possible. 
0106. In certain example embodiments, so long as the tin 
bath and/or float line comprise a closed chamber so as to 
contain the argon (and/or other ions in the plasma), the pres 
Sure need not beat a vacuum level. In some cases, the pressure 
may be similar to that typically used in a float line and/or tin 
bath (e.g., at or near atmospheric). In other embodiments, the 
pressure may be slightly lower. In further cases, it may be 
necessary or desirable to control the partial pressure of argon 
and/or any other replacement ions in the plasma. 
0107. In certain example embodiments, the plasma may 
comprise atoms such as argon. As the Sodium ions are driven 
out of the glass ribbon, the argonatoms 65 may take the place 
of the Sodium ions 11. In certain example embodiments, the 
resulting glass may be a silicate glass; e.g., glass comprising 
a silica matrix or silica matrices. In some cases, the glass (e.g., 
the silica matrix) may include argon. However, argon is inert, 
and therefore should not significantly adversely affect the 
properties of the glass Substrate. In certain example embodi 
ments, a silicate glass formed in this manner may have a 
strength of at least about 400 MPa, more preferably at least 
about 600 MPa, even more preferably at least about 800 MPa, 
and in certain exemplary embodiments, the resulting glass 
may have a strength of at least about (or even greater than) 
1 OOOMPa. 

0108. In certain example embodiments, a level of strength 
enhancement from about 5 to 500 times the strength of 
unstrengthened glass. Sometimes from about 7 to 250 times 
the strength of unstrengthened glass. Typically, it is possible 
to achieve a strength increase of at least about 10 to 100 times 
compared to the strength of unstrengthened glass. The treat 
ment times necessary to achieve those levels of strengthening 
may be from about 1 second to 1200 seconds, more preferably 
from about 10 to 600 seconds, and most preferably from 
about 10 to 300 seconds. However, the glass may be strength 
ened for more or less time according to different example 
embodiments. 
0109. In certain example embodiments, the glass transi 
tion temperature T (e.g., the temperature at which the glass 
reversibly transitions from a molten state to a hard and/or 
brittle state) may slowly rise as Sodium is extracted. In some 
cases, this may cause rapid solidification of the ribbon. 
Though rapid solidification may be beneficial in certain 
example embodiments, to be cautious, the power to the float 
bath and/or ribbon may be externally increased in certain 
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implementations so as to help raise the temperature of the 
float bath and/or ribbon. Further, the heating and cooling may 
be controlled as the ribbon is drawn. In further example 
embodiments, alumina-enriched glass may be used. The use 
of alumina-enriched glass may also advantageously counter 
act the rise in T of the glass melt. That is, the plasma-based 
strengthening techniques of certain example embodiments 
may be used to create alumina-enriched glass (when Al 
inclusive materials are provided in/to the plasma). Al-en 
riched glass (e.g., made with a vertical-pull technique) pro 
duced using the plasma-based techniques disclosed herein 
may have properties and/or characteristics similar to those 
found in Gorilla glass, which is commercially available from 
Corning. Al-enriched glass (e.g., made with a float method) 
produced using the plasma-based techniques disclosed herein 
additionally or alternatively may have properties and/or char 
acteristics similar to those found in Dragontail glass, which is 
commercially available from Asahi. Such glass may be used 
in electronics-type applications in certain example imple 
mentations. 

0110. In other example embodiments, the plasma may 
comprise replacement ions such as alkali metals (e.g., Li'. 
K", Mg", etc.). As the sodium is driven out of the glass 
ribbon, the replacementions in the plasma may take the place 
of the Sodium ions. The resulting glass Substrate would have 
a strength similar to that of the other methods of ion exchange 
as described herein. Furthermore, since this is occurring on 
the float line, in certain example embodiments, a Substantial 
number of the sodium ions may be replaced by the replace 
ment ions. In other words, a glass Substrate strengthened in 
this manner may comprise replacement ions throughout its 
entire thickness, rather than just comprising replacementions 
in a Surface region. 
0111 FIG. 8 illustrates a graph of electrode voltage over 
time that may be used in some of the embodiments described 
herein. Particularly for AC and/or RF electrodes, FIG. 8 illus 
trates the Voltage of an example electrode as time progresses. 
In certain example embodiments, the amplitude of an elec 
trode may be from about 10 to 10,000 V. more preferably from 
about 50 to 5,000 V, and most preferably from about 100 to 
1,000 V. In further examples, the corresponding frequency 
may be from about 0.25 KHZ to about 500 KHZ, more pref 
erably from about 0.5 KHZ to about 100 KHZ, and most 
preferably from about 1 KHZ to 50 KHZ, according to differ 
ent example embodiments. 
0112. In some example embodiments, the voltage may be 
pulsed. However, in other example embodiments, the Voltage 
may be constant or have other characteristics/properties. 
When pulsed Voltage is used, the sheath may expand as the 
pulse is applied. In certain examples, it may be advantageous 
to have a bigger sheath in that it may encompass more 
replacement ions. FIG. 9 illustrates the pulse. Graph 9 plots 
Voltage V. time, and shows the magnitude of the Voltage over 
time. At the point corresponding to 9a, no voltage has been 
applied, and there is no sheath around the glass, as can be seen 
in corresponding glass Substrate 9a. At point 9b, when some 
voltage has been applied, the sheath 10b of corresponding 
substrate 9b is located very close to the glass substrate 9b. 
However, as the Voltage increases, e.g., as shown at point 9c, 
the corresponding glass substrate 9c has sheath 10c that is yet 
larger than sheath 10b. In certain example embodiments, it 
may be advantageous to have a larger sheath Such as 10c. In 
further examples, the fact that the sheath changes size may be 
advantageous. 
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0113. It has advantageously been found that since the pro 
duction methods proposed herein are available, said produc 
tion methods may be adapted in mainstream float glass manu 
facturing processes. 
0114. In certain example embodiments, the glass sub 
strates described herein may be cleaned and/or polished prior 
to strengthening. 
0115 While the electrodes and/or plasma have been 
described as being “on” or “supported by the glass substrate, 
it will be understood by one skilled in the art that this may 
mean directly and/or indirectly on or supported by. While 
electrodes and/or plasmas may directly contact a glass Sub 
strate, they may also be spaced apart from the glass Substrate 
in different embodiments. 
0116. The techniques disclosed herein may be used to 
strengthen glass Substrates such as sheets of glass, but may 
also be used to strengthen other glass articles (e.g., fibers, 
rods, strips, squares, etc.). The glass Substrates as described 
herein may be from about 0.01 to several centimeters in 
thickness, more preferably from about 0.01 to 10 mm, and 
most preferably less than about 2 mm in thickness. 
0117 The example embodiments described herein may be 
used to strengthen any type of glass Substrate. For example, 
alumina-enriched glass may be strengthened by any of the 
disclosed example methods. Particularly, alumina-enriched 
glass Substrates made by Vertical pull methods and/or float 
line methods may be strengthened according to any of the 
example embodiments disclosed herein. In certain example 
embodiments, alumina-enriched glass substrates may be suit 
able for use in electronic applications. In particular, alumina 
enriched plasma-strengthened glass may be particularly 
advantageous for use in electronic applications where 
increased durability and reduced thickness are desirable. 
0118. Further, although some of the disclosed methods 
relate to strengthening Soda lime silica glass by removing 
and/or replacing Sodium ions present in the glass, it will be 
appreciated by one skilled in the art that in certain example 
embodiments, undesirable ions present in a glass Substrate 
and/or molten glass ribbon may be advantageously removed 
and/or replaced utilizing plasma as an electrode and/or 
replacement ion source. 
0119 While the invention has been described in connec 
tion with what is presently considered to be the most practical 
and preferred embodiment, it is to be understood that the 
invention is not to be limited to the disclosed embodiment, but 
on the contrary, is intended to cover various modifications and 
equivalent arrangements included within the spirit and scope 
of the appended claims. 
What is claimed is: 
1. A method for increasing the strength of a glass Substrate, 

the method comprising: 
striking a plasma using at least one plasma Source and first 

and second electrodes disposed on opposing major Sur 
faces of a glass Substrate, wherein the plasma comprises 
replacement ions; 

driving the replacement ions into the opposing major Sur 
faces of the glass Substrate So as to increase the strength 
of the glass Substrate. 

2. The method of claim 1, wherein the replacement ions 
comprise at least one of Li+, K+ and Mg2+. 

3. The method of claim 1, wherein the replacement ions 
replace at least Some sodium ions in the glass Substrate. 

4. The method of claim 1, wherein the glass substrate has a 
strength of from about 200 to 800 MPa. 
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5. The method of claim 4, wherein the glass substrate 
reaches said strength in about 1 to 20 minutes. 

6. The method of claim 1, wherein the electrodes directly 
contact the respective major Surfaces of the glass Substrate. 

7. The method of claim 1, wherein the electrodes are 
spaced apart from the respective major Surfaces of the glass 
substrate. 

8. The method of claim 1, wherein the replacement ions 
penetrate the Surfaces of the glass Substrate to a depth of at 
least about 7 microns. 

9. The method of claim 1, wherein the replacement ions 
penetrate the Surfaces of the glass Substrate to a depth of at 
least about 15 microns. 

10. The method of claim 1, wherein the replacement ions 
penetrate the Surfaces of the glass Substrate to a depth of at 
least about 50 microns. 

11. The method of claim 4, wherein the glass substrate 
reaches said strength in about 1 to 10 minutes. 

12. The method of claim 1, wherein the replacement ions 
Substantially, replace Sodium ions proximate the Surface(s) of 
the glass Substrate. 

13. The method of claim 1, wherein the glass substrate at 
least initially comprises Soda lime silica glass. 

14. A method of using plasma to strengthen a glass Sub 
strate comprising sodium ions, the method comprising: 

striking a plasma using at least one plasma source and first 
and second electrodes disposed on opposing major Sur 
faces of a glass Substrate, wherein the plasma comprises 
positive ions; 

using an electric field to drive the positive ions into the at 
least one major Surface of the glass Substrate so as to 
replace at least some of the Sodium ions and increase the 
strength of the glass Substrate. 
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15. The method of claim 14, wherein the positive ions 
comprise an alkali metal. 

16. The method of claim 14, wherein the positive ions 
comprise at least one of potassium, lithium and magnesium. 

17. The method of claim 14, wherein the electric field is at 
least about 50 V/mm. 

18. The method of claim 14, wherein the electric field is at 
least about 100 V/mm. 

19. The method of claim 14, further comprising scanning 
the electrodes over the surfaces of the substrate in X and/ory 
directions. 

20. The method of claim 14, wherein the glass substrate 
reaches a strength of at least about 400 MPa in about 1 to 10 
minutes. 

21. The method of claim 20, wherein the glass substrate 
reaches said strength in about 5 minutes or less. 

22. The method of claim 14, wherein the electric field is set 
up in the glass Substrate. 

23. A chemically-strengthened glass article comprising 
Soda lime silica glass, the article comprising: 

at least one of potassium, lithium and magnesium plasma 
implanted replacement ions in a Surface region of the 
glass article, wherein the Surface region extends from a 
major Surface of the glass article to a depth of at least 
about 50 microns; 

wherein at least Some of the replacement ions have 
replaced sodium ions such that the glass article has fewer 
Sodium ions than a glass article that has not been chemi 
cally strengthened; and 

wherein the glass article has a strength of at least about 400 
MPa. 


